Time-averaging approximation in the interaction picture: Absorption line shapes for coupled chromophores with application to liquid water J. Chem. Phys. 135, 154114 (2011) Response to "Comment on 'Isotope effects in liquid water by infrared spectroscopy. IV. No free OH groups in liquid water'" [J. Chem. Phys. 135, 117101 (2011)] J. Chem. Phys. 135, 117102 (2011) Ab initio investigation on ion-associated species and association process in aqueous Na2SO4 and Na2SO4/MgSO4 solutions J. Chem. Phys. 135, 084309 (2011) Ultrafast 2D IR anisotropy of water reveals reorientation during hydrogen-bond switching J. Chem. Phys. 135, 054509 (2011) Isotope effects in liquid water by infrared spectroscopy. V. A sea of OH4 of C2v symmetry J. Chem. Phys. 134, 164502 (2011) Additional information on J. Chem. Phys. Short-time dynamics of ionic liquids has been investigated by low-frequency Raman spectroscopy (4 < ω < 100 cm −1 ) within the supercooled liquid range. Raman spectra are reported for ionic liquids with the same anion, bis(trifluoromethylsulfonyl)imide, and different cations: 1-butyl-3-methylimidazolium, 1-hexyl-3-methylimidazolium, 1-butyl-1-methylpiperidinium, trimethylbutylammonium, and tributylmethylammonium. It is shown that low-frequency Raman spectroscopy provides similar results as optical Kerr effect (OKE) spectroscopy, which has been used to study intermolecular vibrations in ionic liquids. The comparison of ionic liquids containing aromatic and non-aromatic cations identifies the characteristic feature in Raman spectra usually assigned to librational motion of the imidazolium ring. The strength of the fast relaxations (quasi-elastic scattering, QES) and the intermolecular vibrational contribution (boson peak) of ionic liquids with non-aromatic cations are significantly lower than imidazolium ionic liquids. A correlation length assigned to the boson peak vibrations was estimated from the frequency of the maximum of the boson peak and experimental data of sound velocity. The correlation length related to the boson peak (∼19 Å) does not change with the length of the alkyl chain in imidazolium cations, in contrast to the position of the first-sharp diffraction peak observed in neutron and X-ray scattering measurements of ionic liquids. The rate of change of the QES intensity in the supercooled liquid range is compared with data of excess entropy, free volume, and mean-squared displacement recently reported for ionic liquids. The temperature dependence of the QES intensity in ionic liquids illustrates relationships between short-time dynamics and long-time structural relaxation that have been proposed for glass-forming liquids.
I. INTRODUCTION
Technological applications of ionic liquids, i.e., room temperature molten salts, as new solvents, electrolytes, extraction media, etc. have demanded fundamental physicochemical characterization and extensive measurements of thermal properties and transport coefficients, such as diffusion coefficient, ionic conductivity, viscosity, and thermal conductivity. [1] [2] [3] [4] [5] [6] A common finding resulting from the thermophysical studies is that many ionic liquids are easily supercooled upon reduction of temperature below the melting temperature T m , and their glass transition temperature T g is typically around 190 K. [7] [8] [9] Transport coefficients change with temperature in such a way that prompts the classification of ionic liquids as fragile glass-forming liquids. [10] [11] [12] Fragility of a supercooled liquid measures the departure from an strict linear behavior of the viscosity at temperature close to T g in an Arrhenius plot, log(η) vs. 1/T. 13, 14 Several spectroscopic techniques have been used to study ionic liquids aiming a microscopic understanding of macroscopic properties and eventual designing of new systems. 15, 16 For instance, dielectric relaxation spectroscopy has been used to investigate ionic liquids dynamics in a broad frequency range, [17] [18] [19] and neutron scattering spectroscopy to unravel dynamics processes occurring within the nanosecond range. 11, 20 Short-time intermolecular dynamics of ionic a) Electronic mail: mccribei@iq.usp.br.
liquids has been investigated mainly by optical Kerr effect (OKE) spectroscopy 16, [21] [22] [23] [24] [25] [26] covering a frequency range similar to low-frequency Raman spectroscopy. Raman spectra of glass-forming liquids exhibit a quasi-elastic scattering (QES) centered at zero frequency with few wavenumbers of bandwidth due to fast (picosecond) relaxational motions. [27] [28] [29] [30] [31] [32] [33] [34] In OKE spectroscopy, these relaxations take place in time domain slower than the intermolecular vibrations, but they are called fast relaxations in low-frequency Raman spectroscopy in comparison to long-time structural relaxation (the α relaxation) of supercooled liquids. The fast relaxations probed by low-frequency Raman spectroscopy at THz frequency range are sometimes called the fast β relaxation within the framework of the mode coupling theory, and should not be confused with the Johari-Goldstein relaxation (slow β relaxation) at frequencies about six orders of magnitude smaller. 34, 35 The QES intensity, I QES , decreases markedly when the temperature decreases, and a broad band due to intermolecular vibrational dynamics, the so-called boson peak, appears for the supercooled liquid close to T g . Overall, as more fragile is the glass-forming liquid, smaller is the relative intensity of vibrational to relaxational contributions in low-frequency Raman spectra. 33, 34 The parameter R 1 = I min /I bp , where I bp is the boson peak intensity and I min is the intensity at the minimum in frequencies below the boson peak, has been proposed in Ref. 33 in order to quantify the ratio between relaxational and vibrational contributions at T g. Evaluation of R 1 might not be accurate for the fragile ionic liquids, so that rather than rely on R 1 for a single spectrum at T g , we will discussed here instead the rate of change of I QES with temperature.
Ionic liquids have been the subject of Raman spectroscopy measurements within the high frequency range in order to investigate ionic structures, conformations of side chains, hydrogen bonding between anion and cation, etc. [36] [37] [38] [39] In contrast to previous works dealing with intramolecular vibrations, this work focuses on the intermolecular dynamics of ionic liquids at the low-frequency range of the Raman spectrum, 4 < ω < 100 cm −1 . The OKE spectroscopy has given important insights on intermolecular dynamics of ionic liquids, for instance, the librational motions (hindered rotations) of the aromatic ring in imidazolium and pyridinium ionic liquids. 16, [21] [22] [23] [24] [25] [26] In principle, OKE and Raman spectra give the same information because both techniques probe polarizability fluctuations. In OKE spectroscopy, the time domain data are Fourier transformed resulting in an intermolecular vibrational spectrum without long time relaxation. [21] [22] [23] [24] [25] [26] 40 In case of ionic liquids, much more attention has been given to these vibrational components revealed by OKE spectroscopy, but in the context of glass-forming liquids, the temperature dependence of fast relaxations observed as the QES intensity in Raman spectra is also an important issue. [27] [28] [29] [30] [31] [32] [33] [34] In this work, low-frequency Raman spectra are investigated for five different ionic liquids containing a common anion, bis(trifluoromethylsulfonyl)imide, [Tf 2 N], and different cations, including aromatic, non-aromatic cyclic, and tetraalkylammonium cations. Figure 1 range after normalizing the spectra by the high frequency Raman bands of the anion, in the same way as one usually normalizes low-frequency Raman spectra of a given system at different temperatures. The aim of this work is twofold. Taking [bmIm][Tf 2 N] as an example, we first shown in Sec. III A that low-frequency Raman spectroscopy provides the same information on intermolecular vibrations as previous OKE spectroscopy investigations of ionic liquids. This allows the discussion of some assignments already proposed in OKE measurements of ionic liquids. However, the main focus of the analysis of the intermolecular vibrations is its relationship to QES intensity in Raman spectra of glass-forming liquids. The second aim of this work relies on several correlations that have been proposed between short-time dynamics and fragility of glassforming liquids. 41 This is discussed in Sec. III B, where the temperature dependence of fast relaxations given by the QES intensity is compared with quantities related to different theories for transport coefficients in supercooled liquids. The I QES is compared with excess entropy involved in the AdamGibbs theory, 42 mean hole volume involved in free volume theories, 43, 44 and also mean square displacement 45 recently available for some ionic liquids. In the particular case of [hmIm][Tf 2 N], for which structural relaxation has been investigated within a wide temperature range, 185 < T < 430 K, 11 it will be shown that the I QES (T) dependence unravels the characteristic temperatures T o , T g , and T c , related to relaxation dynamics of glass-forming liquids.
II. EXPERIMENTAL
Raman spectra have been recorded in the Stokes side with a Jobin-Yvon T64000 triple monochromator spectrometer equipped with CCD. In order to record Raman spectra as close as 4.0 cm −1 from the exciting laser line, the Jobin-Yvon T64000 spectrometer was used in the subtractive configuration. The spectral resolution was 2.0 cm −1 . It has been found constant depolarization ratio in the low-frequency range, so that similar bandshapes are observed for polarized I VV , depolarized I VH , and also with no polarization selection. The ionic liquids were purchased from Iolitec, and dried under high vacuum (below 10 −5 mbar) for more than 48 h. KarlFischer analysis indicated that water content in the ionic liquids is reduced below 30 ppm. The samples were dried inside the cryostat used to record Raman spectra at low temperatures, an Optistat DN cryostat of Oxford Instruments. Raman spectra of some ionic liquids, in particular those which are pale yellow, might present a fluorescence background when excited with 514.5 nm, so that we used a 647.1 nm line of a Coherent Innova 90 Kr + laser.
III. RESULTS AND DISCUSSION

A. Intermolecular vibrations
Typical low-frequency Raman spectra of glass-forming liquids are illustrated with the ionic liquid a broad band with maximum at ∼15 cm −1 , the so-called boson peak. Since the boson peak is usually more intense in strong than fragile glass-formers, [27] [28] [29] [30] [31] [32] [33] [34] and typical ionic liquids are fragiles, [10] [11] [12] it is expected that the boson peak should be clearly seen in the raw Raman spectrum of [bmim][TF 2 N], without reduction schemes discussed below that drops the QES intensity, only at temperatures close to its glass transition (T g = 181.5 K). 46 In an investigation of 1-ethyl-3-methylimidazolium tosylate, [emIm] [TSO], by OKE spectroscopy, 23 it has been observed the boson peak directly in the time domain data for this ionic liquid slightly above its T g . In the time domain, the boson peak in [emIm] [TSO] was manifest as an oscillatory component with period of ∼2.0 ps. 23 Such oscillation period is consistent with the position of the boson peak found in the low-frequency Raman spectra for the ionic liquids investigated in this work. The inset of Fig. 2 highlights the low temperature spectra in order to show the upward frequency shift of the boson peak as temperature is reduced. This finding is a characteristic feature of the temperature dependence of the position of the boson peak, 34 which is usually associated with acoustic modes of wavelength compared to a correlation length ξ that will be discussed below. On the other hand, it is worth mentioning that recent measurements as a function of pressure indicated that modifications of elastic constants cannot account for the shift of the boson peak in SiO 2 . 47 Unfortunately, high frequency elastic constants have not been measured for ionic liquids at deep supercooled liquid states close to T g . Other intermolecular vibrations are seen in the low-frequency range, in particular the broad band with maximum at ∼100 cm which is assigned to librational motion of the imidazolium ring (see below). It should be noted that the band at 120 cm Depolarized Raman and OKE spectra differ by a population factor, 48 so that the susceptibility representation, χ (ω) 
where C(ω) is the light-vibration coupling. Another common representation is the reduced Raman intensity, I red (ω)
Since the factor [n(ω) + 1] −1 depends linearly with ω at low-frequencies, I red (ω) is similar to the experimental I(ω), whereas in the χ (ω) representation the position of the boson-peak is slightly shifted to higher frequencies. 50 It will be first shown, using as example [bmIm][Tf 2 N], that the low-frequency Raman spectra of ionic liquids are consistent with previous results obtained by OKE spectroscopy. The broad band observed in OKE spectra of ionic liquids within the 0 < ω < 150 cm −1 range has been fit with different functions previously used in several works on molecular liquids. 40 However, such broad spectral feature precludes to distinguish fit procedures on the basis of best agreement to experiment. Differences of experimental data between different authors are illustrated in Figs 
where A is an arbitrary intensity factor, ω bp = 16.7 cm
is the peak position, and σ = 1.22 cm −1 is related to the full width at half maximum as Fig. 3(a) ). A log-normal function has been usually employed to model the boson peak in low-frequency Raman spectra of glass-forming liquids, and here we use it as a phenomenological function for fitting and comparing Raman and OKE spectra. The physical motivation of the log-normal function is to provide, as long as the velocity of sound propagation is available, the size distribution of clusters that would be present in the supercooled liquid and the glassy phase. 51 We will return below to a rough estimate of this correlation length since experimental values of sound velocity have been reported for some ionic liquids. Two other intermolecular vibrational modes shown in Fig. 3 Fig. 3(b) , 25 the thin black line is an Ohmic function: where A is an amplitude, and ω o is the characteristic frequency. The red and blue lines in Fig. 3 (b) are three antisymmetrized Gaussian functions:
where A is an amplitude factor, σ is the width, and ω G is the center frequency (the best fit ω G parameters provided in ). The first of these antisymmetrized Gaussian functions is shown in Fig. 3 (b) by a red line in order to highlight its correspondence to the same component in 3(a), 3(c), 22 and 3(d). 21 In Fig. 3(c) , 22 the OKE spectrum has been fitted by three damped harmonic oscillator (DHO) functions:
where A is an amplitude factor, γ is the damping rate, and ω o is the frequency of the mode (the best fit ω o parameters provided in Table I fit by only two bands as shown in Fig. 3(d) , where the component given by a red line is a Bucaro-Litovitz (BL) function:
where A is an amplitude factor, the parameter a = 0.71, and ω o = 23.0 cm −1 . The BL function has been proposed on the basis of a binary collision model in order to account for lowfrequency spectra of atomic and molecular liquids. 53 The BL function has been used simply as an empirical function to fit the low frequency component of OKE spectra of ionic liquids, since the assumption of single event of a binary collision is not reasonable in light of local structures of closed packing of neighbouring anions and cations in ionic liquids. The broad component shown as a blue line in Fig. 3(d) is an antisymmetrized Gaussian function, Eq. (4), centered at ω G = 92.0 cm −1 .
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The comparisons in Fig. 3 indicate that low-frequency Raman spectroscopy provides the same information on intermolecular dynamics as several investigations of ionic liquids by OKE spectroscopy. Since extensive comparisons of OKE spectra for many ionic liquids have been already reported, 11, [21] [22] [23] [24] [25] [26] we discuss here only some controversies by using the low-frequency Raman spectra of the ionic liquids investigated in this work. The broad band close to 100 cm
in OKE spectra of imidazolium and pyridinium ionic liquids has been assigned to librational motion of the aromatic ring of cations. [21] [22] [23] [24] [25] [26] Strong support for such assignment is given in Fig. 4 , which compares low-frequency Raman spectra of imidazolium, piperidinium, and tetralkylammonium ionic liquids in the χ (ω) representation. It is clear that the band close to 100 cm −1 assigned to librational motion of the imidazolium ring is missing in the non-aromatic ionic liquids. The comparison between aromatic and non-aromatic ionic liquids does not support the interpretation proposed in Ref. 22 , where the three bands observed in OKE spectra (see Fig. 3(c) ) have been assigned to three different librational motions of the imidazolium ring. Figure 4 Fig. 3(d) . Since the Raman band at 100 cm −1 is assigned to libration of aromatic rings, whereas the 65 cm −1 band remains in all of the investigated ionic liquids, and also in others imidazolium ionic liquids with different anions, 32 it could be assigned to rattling motions, i.e., oscillatory hindered translations of a central ion inside the cage made by the neighbouring ions.
In the context of low-frequency Raman spectra of glassforming liquids, an interesting analysis is the relationship between the lowest frequency vibrational component and the QES intensity. The investigation of ionic liquids with the same [Tf 2 N] anion allows for comparisons of low-frequency Raman intensities between different systems. Thus, rather than the arbitrary normalization used in Fig. 4 , some of the anion normal modes at high frequencies can be used to normalize the spectra in the same way as one usually normalizes low-frequency Raman spectra of a given system at different temperatures (see Fig. 2 ). 46, 54 It is clear from Fig. 5 that the Raman intensity in the low-frequency range is significantly higher for imidazolium ionic liquids because of the more polarizable moiety of the aromatic ring. Interestingly, within the range comprising the QES intensity and the maximum of the boson peak, say wavenumber smaller than 20 N] is essentially constant at a given temperature, i.e., the very low-frequency range of the spectra of the investigated ionic liquids exhibit the same bandshape. In other words, independent of the relative intensities of relaxations and vibrations, both the contributions to the low-frequency Raman spectrum are simultaneously smaller in non-aromatic than aromatic ionic liquids. It has been proposed that the fast relaxation and the boson peak are correlated. 34 An important support for the correlation between the dynamics involved in the fast relaxation and the boson peak is that the depolarization ratio is the same for both contributions in Raman spectra of glass-forming liquids. 34 Frequency independent depolarization ratio has been also observed in this work and in previous investigations of ionic liquids. [30] [31] [32] Recently, the relationship between fast relaxation and boson peak has been reinforced by an investigation of Raman spectra as a function of pressure for several molecular and polymeric glass-former. 55 It has been found a linear correlation between the QES and the boson peak intensities for a given system as a function of pressure. Therefore, the finding shown in Fig. 5 , i.e., both the QES and the boson peak intensity changing by the same amount in ionic liquids of similar fragilities, adds another piece of evidence for the interrelation between relaxational and vibrational contributions in low-frequency Raman spectra of supercooled liquids. Such correlation strengths the proposition of an indirect mechanism for the QES contribution, 56 for instance, as in the coupling model, in which the QES intensity increases with temperature due to damping of the boson peak vibrations. 34, 55, [57] [58] [59] Rather than a superposition model of two independent functions for QES and boson peak, the Raman spectrum is calculated in the coupling model by averaging a purely vibrational contribution, usually assumed as the Raman spectrum recorded at very low temperature, with a function giving the relaxations from all of the processes damping the vibrations. Both the superposition and the coupling models can give good fit to experimental spectra, for instance, see the studies of the glassformer GeSBr 2 31 Therefore, the coupling model is favored on the basis of arguments as mentioned above, but not just from better agreement to experiment.
The microscopic nature of the boson peak is a widely debated issue in the context of glass-forming liquids dynamics (see Ref. 55 and references therein). A length scale of domains with diameter 2ξ is usually assigned to the boson peak by the relation:
where ω bp is the maximum of the boson peak and v s is the sound velocity. 61, 62 In this model, the size of these domains determines the limiting mean-free path that is responsible for phonon localization, and these localized motions result in an enhancement of the vibrational density of states [ρ(ω) in Eq. (1)]. It turns out that typical correlation length ξ is of the It is interesting to compare the length ξ with the characteristic size of heterogeneities that has been obtained from the wave-vector of the first-sharp diffraction peak, k FSDP , observed in neutron or X-ray spectra, 26, [66] [67] [68] [69] and also molecular dynamics (MD) simulations, [69] [70] [71] [72] [73] 69 The FSDP in the static structure factor, S(k), indicates that an intermediate-range order (IRO) develops in the liquid, but the nature of such IRO in glass-forming liquids is another lively debated issue because different explanations have been proposed. In SiO 2 , the network of connected SiO 4 2− tetrahedral produces the correlations of the IRO. 74 In m-toluidine, IRO is due to clusters in a network of hydrogen-bonded molecules. 75 In concentrated aqueous solution of salts of di-or trivalent cations, X-ray diffraction data have been reproduced with a model of a hypothetical cubic arrangement of M 2+ or M 3+ cations that are positioned in relatively long distance between each other in order to minimize the strong coulombic repulsions. 76, 77 It has been also suggested that IRO may arise from correlation of voids or layers in the bulk of a supercooled liquid. 78, 79 In case of ionic liquids, k FSDP shifts sequentially to lower values with increasing length of the alkyl chain in the cations.
26, 66-68 MD simulations suggested that ionic liquids are structurally heterogeneous, in such a way that polar regions made of anions and the imidazolium ring of cations coexist with non-polar regions made of the side chains of cations. [70] [71] [72] [73] On the other hand, the FSDP in ionic liquids has been recently assigned to correlation of the second shell of cations, with no need of a picture of nanoscale polar/non-polar heterogeneity. 68 However, it is worth stressing that the physical picture of structural heterogeneity in ionic liquids has been proposed by MD simulation not only on the basis of the occurrence of a FSDP in the calculated S(k) but also on the basis of anions depletion in regions occupied by the alkyl chains. [70] [71] [72] [73] Several inorganic glass-formers present correlation between the characteristic length ξ obtained from the boson peak and from the FSDP. 61, 62 This correlation between ξ −1
and k FSDP has been explained for SiO 2 on the basis that the length ξ is ∼3-4 times the cation -cation distance d, where d determines the position of the FSDP by k FSDP = 3π /2d. 62 However, rather than compare very different systems, a systematic investigation of the glass-former B 2 O 3 with different modifiers demonstrated failure of the linear relationship between ξ −1 and k FSDP . 80 The modifiers were added in B 2 O 3 in order to change the IRO but not the short-range correlation. A similar situation occurs if one compares 1-alkyl-3-methylimidazolium ionic liquids of alkyl chains of different lengths, while keeping the same anion: the nearest neighbour structure of anions around the imidazolium ring is almost not modified within polar regions, whereas the FSDP shifts to lower wave-vector for cations with longer carbon chain. 26, [66] [67] [68] 32 The unchanged value of ω bp in Eq. (7), together with the finding that the sound velocity of ionic liquids does not change as the length of the alkyl side chain increases while keeping the anion, [63] [64] [65] 32 it has been found that ω bp in these systems change by the same amount, respectively, 13 and 17 cm −1 .
B. Fast relaxations
Fragility of glass-forming liquids, m = dln[η(T)]/d(T g /T) at T → T g
, where η is the viscosity, has been correlated to different indicators of fast dynamics. For instance, it has been related to the non-ergodic factor calculated from the plateu regime of the intermediate scattering function obtained by inelastic X-ray scattering spectroscopy, 82, 83 to the amplitude of mean-square displacement obtained from neutron scattering spectroscopy, 45, 84 and to elastic properties such as the infinity frequency limit of the shear modulus. 41, 85 In low-frequency Raman spectroscopy, it is known that the temperature dependence of the QES intensity, I QES , in the supercooled liquid range is steeper than below T g . [27] [28] [29] [30] [31] [32] [33] [34] [57] [58] [59] [60] The change of slope of the I QES (T) curve at T g is at first sight a remarkable finding, since QES is related to processes taking place at picosecond time scale while the glass transition is due to the structural α-relaxation time, τ α , reaching 10 2 -10 3 s. In fact, the relationship between I QES and α-relaxation is another example of these correlations between fast and slow dynamics of glassforming liquids.
The temperature dependence of I QES can be obtained from fit of experimental data by using either the superposition or the coupling models for the relaxational and vibrational contributions of low-frequency Raman spectra. [57] [58] [59] [60] It has been already shown that both the models give good fit to 31 but these models need assumptions concerning the functions to be used in fits. Thus, we follow here instead a less model dependent procedure, and we considered I QES as the integral up to the boson peak, say 4 < ω < 20 cm −1 , of the experimental spectrum normalized by intensity of high frequency bands. Fig. 6 within a narrower temperature range. The I QES for the imidazolium ionic liquids are clearly larger than piperidinium and tetralkylammonium ionic liquids, but the inset of Fig. 6 shows that the intensities normalized by the values at the corresponding T g follow essentially the same behavior. In a previous work on imidazolium ionic liquids with different anions, the rate dI QES /dT in the supercooled liquid range has been related to fragility. 32 It has been found that dI QES /dT depends more on changing the anion than changing of length of the alkyl chain in imidazolium cations. Thus, the main conclusion drawn from The non-Arrhenius behavior of transport coefficients in fragile supercooled liquids indicates that the effective activation energy, E a , is itself temperature dependent, η ∝ exp[E a (T)/RT]. Experimental data for ionic liquids have been fit with one of the most common empirical formula, i.e., the Vogel-Fulcher-Tamman (VFT) equation: 13, 14 
where A, B, and T o are adjustable parameters. Several theories are able to reproduce the behavior like the VFT equation.
In the Adam-Gibbs (AG) theory, 42 the focuses relies on the temperature dependence of the configurational entropy, S c :
where C is a constant. The AG theory is usually compared to experiment by replacing S c by the excess entropy, S exc , which is the difference between liquid and crystal entropies, even though S c and S exc are not the same quantity because the vibrational contribution to the entropy of the amorphous phase is not the same as the crystalline phase. [89] [90] [91] [92] In free-volume theories, 43, 44 the arrest of structural relaxation is due to reduction of free volume, V f , available for particle displacement:
where C is a constant. Experimental data of V f are usually obtained from positron annihilation lifetime spectroscopy (PALS). 93 Viscosity has been also related to the Debye-Waller factor, 45, 84 i.e., the amplitude of mean square displacement, u 2 , of rattling motions of particles inside the cage made by the neighbours:
where C is a constant. There is a steep increase of u 2 with increasing temperature around T g , analogous to the Lindemann criterion for melting of crystals when u 2 exceeds a critical value. 45, 84 The I QES (T) curve obtained by low-frequency Raman spectroscopy is similar to the relevant properties in these theories. The top panel in Fig. 7 shows the [bmPip][Tf 2 N] results for which linear behavior of I QES (T) is seen above and below T g , with a crossover that essentially coincides with the experimental T g . 88 By extrapolating the linear fit of the supercooled liquid range down to the glassy state, the estimate T o ∼ 0.89T g is typical of glass-forming liquids. Table I gives T o values estimated by extrapolating the I QES (T) curves for the ionic liquids investigated in this work. Unfortunately, most of experimental data of viscosity of ionic liquids have been reported in a rather limited temperature range, mainly above room temperature. Once the VFT equation is fit to a limited temperature range, the parameters A, B, and T o in Eq. (8) 95 and most probably is an artifact resulting from VFT fit to high temperature viscosity. Interestingly, a second change of slope can be discerned within the supercooled range in the I QES (T) curves shown in Fig. 7 N] will be discussed in more detail because a more complete picture of relaxation has been recently provided for this system along the whole range of the supercooled liquid by combining data of transport coefficients obtained by different techniques. Table I . The symbols are of the size of estimated error bars.
system containing the 1-propyl-3-methylimidazolium cation, [pmIm][Tf 2 N] (green line in Fig. 8 ). 96 It is also shown by white triangles the mean square displacement u 2 obtained by neutron scattering measurements of the ionic liquid [bmIm]Cl (see Fig. 9 in Ref. 97 ). The similar temperature dependence of I QES and the properties shown in Fig. 8 is understood on the basis of models for low-frequency Raman TABLE I. Calorimetric glass-transition temperature, T g , and characteristic temperatures, T o and T c , estimated in this work from the low-frequency Raman spectra of ionic liquids. Literature data of T o obtained from the temperature dependence of viscosity are given in parenthesis. spectra of glass-forming liquids. [57] [58] [59] [98] [99] [100] In the coupling model, [57] [58] [59] the pronounced rise of I QES above T g is due to the increase of the coupling parameter, δ 2 (T), between fast relaxations and the boson peak vibrations. The parameter δ 2 (T) is the fraction of the relaxational to the vibrational plus relaxational contributions, so that δ 2 (T) can be used as a measurement of I QES (T). It has been further assumed that the relaxations that promoted damping of the boson peak are due to free volume, so that a relationship between δ 2 (T) and V f has been proposed. 58, 59 The data of u 2 for [bmIm]Cl are shown in Fig. 8 in a different 101 i.e., u 2 not purely vibrational but including relaxation, in order to reproduce the temperature dependence of the effective activation energy. In contrast, it has been also proposed that the time scale for u 2 should be smaller than structural relaxation, but beyond the very short-time range of the ballistic regime. 45 Most probably, the time window of 1.0 ps of the u 2 measurements in Ref. 97 is too short for scaling of structural relaxation in [bmim]Cl. The relationship between I QES and u 2 is understood on the basis of a model in which relaxational like motion results from mixing of vibrational modes comprising the inhomogeneous distribution of the boson peak. [98] [99] [100] Thus, the glass to liquid transformation means vibrational to relaxational transformation of quasi-localized modes driven by the amplitude of structural fluctuations responsible for mixing of modes of the boson peak.
In line with a previous investigation of the ionic liquid [bmIm] [PF 6 ], 31 a further relationship, that is between I QES and S exc , is suggested in Fig. 8 Fig. 9 . In the AG theory, 42 the effective activation energy E a (T) increases from the high temperature limit, μ, because of a growing size, z*(T), of cooperatively rearranging regions (CRR), E a (T) = μ .z*(T). The size z*(T) increases when temperature decreases because of its inverse dependence with the configurational entropy, z*(T) = S c */S c (T), where S c * is the high temperature limit of the configurational entropy. Thus, the temperature dependence of z* is given by 1/S c (T), with the asymptotic limit z* → 1 when T → ∞. This finding means that the average size of a CRR at T g is 3.5-4.0 bigger than z* at very high temperature. If one assumes that at least one pair of neighbouring ions must be involved in a relaxation event at very high temperature, and the distance between center of mass of anion and cation is 5.0 Å as calculated by MD simulations of [hmIm][TF 2 N], 103 the size z*(T g ) corresponds to 17.5-20.0 Å. Therefore, the size z*(T g ) estimated from the AG theory is similar to the correlation length ξ ∼ 19.0 Å estimated in Sec. III A from the boson peak vibrations. In fact, this finding is in line with the proposition that the same structural skeleton is responsible for both the boson peak vibrations and the fast relaxations in low-frequency Raman spectra of glass-forming liquids. [98] [99] [100] Even though the data of TS exc and V f in Fig. 8 N], the essentially identical temperature dependence of these properties in the supercooled liquid range illustrates the difficult of discerning the best theory only on the basis of linear behavior in plots ln(η) vs 1/(TS exc ) or ln(η) vs 1/V f . Instead of discriminating which one is the correct theory, extensive calculations of configurational entropy of polymers showed the complementary information provided by theories based on S c or V f . 104 It has been shown that TS c and V f calculated for a given model of polymer follow proportionally each other within a large temperature range. The effective activation energy could be also related to other properties governing particle displacement, such as the high frequency shear modulus, G ∞ , 41, 85 and the mean-square displacement u 2 that scales inversely with G ∞ . Therefore, it should be also valid a relationship TS c ∝ u 2 . 104 All together, it is thus reasonable that the fast relaxation probed by I QES exhibits the same temperature dependence as TS exc , V f, and u 2 as shown in Fig. 8 .
The detailed analysis of the structural relaxation of 11 In terms of the mode coupling theory (MCT) of liquid dynamics, 105, 106 for which the relaxation time decreases with temperature according to τ ∝ (T − T c ) −γ , where γ and T c are adjustable parameters, this characteristic temperature corresponds to the crossover temperature T c . The MCT analyses of the OKE spectra of some ionic liquids suggested similar values, for instance, T c ∼ 255 K for 1-ethyl-3-methylimidazolium nitrate, 107 T c ∼ 231 K for N-propyl-3-methylpyridinium bis(trifluoromethylsulfonyl)imide, 108 and
109 Therefore, we suggested that the second bending of the I QES (T) curves seen in Fig. 7 Table I ). Several investigations of fast dynamics in glass-forming liquids by low-frequency Raman spectroscopy indicated a signature of T c as the temperature at which I QES reaches a plateu and becomes temperature independent. [110] [111] [112] These analyses have been carried out mainly by using the coupling model for the relaxational and vibrational contributions of Raman spectra (not to be confused with the MCT theory for glass formation), in which I QES is giving by the strength parameter δ 2 (T) of coupling between relaxations and boson peak vibrations. [57] [58] [59] [110] [111] [112] It is worth stressing that δ 2 (T)
becomes temperature independent at high temperature provided that the α-relaxation has been previously removed from the experimental data. This is not a straightforward procedure, and we are not performing here such a subtraction of the α-relaxation. Thus, I QES does not probe only fast relaxation at high temperatures because slower relaxations now merge with the relaxation processes that result in the QES. Thus, the signature of T c in Fig. 7 is another linear regime for I QES (T) above this temperature, rather than I QES (T) reaching a plateu at T > T c . [110] [111] [112] Nevertheless, three characteristic temperatures, T o , T g , and T c , can be discernible and distinct regimes of I QES are probed by low-frequency Raman spectroscopy of the ionic liquid [hmIm][Tf 2 N].
IV. CONCLUSIONS
Low-frequency Raman spectra unravel the intermolecular vibrations of ionic liquids in full agreement with results of OKE spectroscopy that has been used to study the short-time dynamics of these materials. 11, 16, [21] [22] [23] [24] [25] [26] Even though the intermolecular vibrational dynamics is overlapped by the QES in low-frequency Raman spectra at high temperatures, the QES signal provides information on fast relaxations that are themselves interesting data for supercooled ionic liquids.
Comparison of Raman spectra of ionic liquids with different cations corroborated the assignment of the spectral feature around 100 cm −1 as librational motion of the aromatic ring in imidazolium ionic liquids. The ionic liquids investigated in this work allowed discriminating fits with different number of bands in the low-frequency range. The boson peak is observed in low-frequency Raman spectra at temperatures close to T g , as expected from the fragile characteristic of ionic liquids. 10-12, 31, 32 A correlation length ξ ∼ 19 Å has been associated to the boson peak vibrations. Since the position of the boson peak and sound velocity [63] [64] [65] 81 of ionic liquids are more dependent on anion than cation, the length ξ does not change with the length of the alkyl chain in 1-alkyl-3-methylimidazolium cations, in contrast to the position of the first-sharp diffraction peak observed in static structure factor of ionic liquids. 26, [66] [67] [68] After normalizing the spectra by the high-frequency intramolecular bands of the common [Tf 2 N] anion, we found that the low-frequency Raman spectra of ionic liquids based on imidazolium cations are significantly less intense than ionic liquids containing non-aromatic cations. This is expected because of the more polarizable moiety of the imidazolium ring, but an interestingly finding is that the relaxational and vibrational contributions change by the same amount among the aromatic and nonaromatic ionic liquids investigated in this work. This finding strongly supports the proposition that the fast relaxations and the boson peak vibrations are interrelated dynamics processes. 55-60, 98-100, 110-112 The ionic liquid [hmIm][TF 2 N] is a particularly interesting system to investigate the QES intensity because it has been the subject of a detailed analysis of the structural relaxation in a wide temperature range. 11 It was first shown that previous data of structural relaxation 11 and excess entropy 87 are consistently interpreted on the basis of the Adam-Gibbs theory. 42, [89] [90] [91] [92] Furthermore, the size of the cooperatively rearranging regions calculated according to the AG theory is consistent with the correlation length ξ obtained from the boson peak vibrations. This finding supports the proposition that the same spatial scale is responsible for fast relaxations and vibrations unraveled by low-frequency Raman spectroscopy. [98] [99] [100] The temperature dependence of Raman spectra of [hmIm][TF 2 N] allows one to distinguish in the I QES (T) the characteristic temperatures T o , T g , and T c , as obtained from structural relaxation data. 11 The I QES (T) curve is similar to other properties such as excess entropy, 87 free volume, 96 and mean-square displacement, 97 illustrating correlations between fast and slow dynamics of glass-forming liquids. Although this work showed that structural relaxation of supercooled [hmIm][TF 2 N] can be understood by the entropy based AG theory, the structural relaxation of [pmIm][TF 2 N] has been interpreted instead by free volume based theories. 96 Recently, the simultaneous study of temperature and pressure effects allowed disentangling the role of thermal and density variations on the QES intensity of glass-forming liquids. 55 It has been shown that volume is more important above T g , whereas thermal energy is more important below T g . 55 Therefore, further works in our group will be dedicated to Raman spectroscopy studies of ionic liquids under pressure.
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